Transcriptional Interference (TI) has been shown to regulate gene expression at the DNA level via 9 different molecular mechanisms. The obstacles present on the DNA that a transcribing RNA 10 Polymerase might encounter, e.g. a DNA-bound protein or another RNA Polymerase, can result 11 in TI causing termination of transcription, thus reducing gene expression. However, the potential 12 of TI as a new strategy to engineer complex gene expression modules has not been fully explored 13 yet. Here we created a series of two-input devices using the presence of a roadblocking protein 14 using both experimental and mathematical modeling approaches. We explore how multiple 15 characteristics affect the response of genetic devices engineered to act like either AND, OR, or 16 Single Input logic gates. We show that the dissociation constant of the roadblocking protein, 17 inducer activation of promoter and operator sites, and distance between tandem promoters tune 18 gate behavior. This work highlights the potential of rationally creating different types of genetic 19 responses using the same transcription factors in subtly different genetic architectures. 20 devices 22 50 promoters, only the latter case occurs; however, inducible promoters can be understood as a 51 conditionally activated combination of both obstacles. Since these obstacles can lead to TI, 52 hereafter we refer to them as Transcriptional Interference Modules (TIMs).
INTRODUCTION 24
Engineering bacteria to perform industrially and clinically useful tasks requires the implementation 25 of sophisticated artificial gene regulation programs 1 . The size and complexity of these programs 26 has been shown to induce several design challenges, including varying construct performance in 27 different hosts 2-4 , the propagation of noise through cascading repressors 5 , and cross-talk between 28 genetic parts 6, 7 . Thus, in order to be able to engineer gene expression in an efficient and 6 aTc Basal a+I IPTG GFP GFP Fractional Readthrough GFP GFP   
(1) 143 When plotted against LacI KD, we observed that the fractional readthrough follows an excellent 144 logarithmic trend (Adj. R 2 =0.99) for KD values greater than ~0.03 pM (Fig. 2d ). This data agrees 145 with our suggested model for roadblock ( Fig. 2a ). For KD values smaller than ~0.03 pM, a plateau 146 exists in which further decrease in KD does not diminish readthrough any further. In this scenario, 147 the unbinding frequency of LacI from the DNA is so small that the possibility for either an EC to 148 escape roadblock due to momentarily LacI unbinding or for an EC to dislodge LacI is at its 149 minimum. Therefore, most encounters between an EC and LacI result in the unbinding of the EC 150 from the DNA (Fig. 2a, top, 2d ). However, when LacI KD values are high, the more frequent 151 unbinding of LacI from the DNA increases the chances of a certain EC to escape the roadblock 152 event before LacI rebinds to the DNA, while dislodging of LacI upon a clash with an incoming 153 EC is also possible (Fig. 2a, bottom) . Accordingly, six constructs that had lower KD (pAE_LG01, 154 02, 03, 05, 06, 13) values had a significantly decreased GFP expression in presence of aTc and 155 absence of IPTG compared to 1 mM IPTG . The decrease in 156 GFP expression caused by the presence of LacI ranged from 1.8-to 5.4-fold between constructs 157 ( Fig. 2b) , with the closest AND gate behavior exhibited by the constructions with the lowest LacI 158 KD. This is consistent with the fractional read through observed as KD is increased (Fig. 2d ). The 159 change in KD also impacted the regulatory range (r) between constructs, which tended to be higher 160 at intermediate KD values. These results show how roadblock can be engineered to downregulate 161 gene expression in a predictable manner.
162
AND behavior is improved through tuning inducer concentrations 163 Though dynamic range is typically maximized at saturating inducer concentrations, optimal AND 164 behavior, quantified with d10, does not always occur at these conditions. We calculated d10 and the 165 parameters that comprise it-asymmetry, a, and logic, l-at each set of inducer concentrations for 166 our library of AND constructs (Materials and Methods, Supplementary Figures S3-S10 ). Low KD 167 (pAE_LG02) and high KD (pAE_LG04) constructs experienced different inducer-dependent 168 expression trends. We observed that, in the case of pAE_LG02, d10 generally decreased with high 169 IPTG and low aTc concentrations ( Fig. 3a-b ). Higher pTet activation apparently permits 170 readthrough of the LacI roadblock in the absence of IPTG, and therefore high aTc concentrations 171 7 reduce AND-like behavior (increase d10). In the case of pAE_LG04, the LacI KD is so high that 172
there is no clear trend in d10 or other logic parameters with changing inducer concentration ( Fig.   173 3a-b).
174
The LacI KD value of a construct, along with the aTc and IPTG concentrations, influence AND 175 behavior ( Supplementary Figures S3-S10 ). When all combinations of inducers for each construct 176 are plotted, it is evident that low KD constructs exhibit more AND-like behaviors at all 177 concentrations of aTc and IPTG ( Fig. 3c , Supplementary Figures S3-S10 ). When GFP expression 178 of all the constructs at the concentrations of aTc and IPTG that minimize d10 are plotted, more 179 AND-like behavior is apparent among the constructs with LacI KD values below 0.21 pM ( Fig.   180 3d). The GFP expression patterns at these d10-minimizing conditions offer low asymmetry-the 181 construct responds to both inducers equally-and high logic-there is a clear ON state and three 182 OFF states, corresponding to AND behavior ( Fig. 3d ). In the case of pAE_LG03, for example, this 183 adjustment of inducer concentrations resulted in a >3-fold decrease in d10, trending toward ideal 184 AND behavior.
185
Though each of these d10-minimizing conditions reduces the construct's dynamic range compared 186 with its expression profile at maximum aTc and IPTG concentrations ( Fig. 2b, 3d To gain mechanistic insights into the logic gate performance of our constructs, we developed 195 mathematical models that predict GFP expression as a function of inducer concentrations (Fig 4a) . 196 We first used the Hill equation 35 Thus, the fraction of free TetR capable of binding to TetO was estimated as:
We then used the Shea-Ackers formalism 37 to derive transfer functions describing the occupancy 206 of promoter and operator sites (TFpTet, TFLacO), with binding events that permit transcription in the 207 numerator and all possible states in the denominator (Fig. 4a 
The resulting transfer functions were combined to develop model equations (see Supplementary   213 section AND Gate Model Equation Derivations) that were fit to GFP expression data for varying 214 aTc and IPTG concentrations for each of the constructs described (Fig. 4a ). The constants and 215 fitted biophysical parameters are reported in Supplementary Table 22 lower AIC values indicating a better model ( Fig. 4a , Supplementary Table S24 ). Our three best 224 performing models are shown in Fig. 4a . We found that our AND gate behavior was best captured 225 using a model equation that consists of both an AND term (TFpTet· TFpLac) and a single-input gate 226 9 term (TFpTet), as this function better describes the observed transcriptional readthrough than a pure 227 AND function (Fig. 4a) . The model was able to predict the fold change in GFP for the entire range 228 of aTc and IPTG concentration variations as shown by the heat maps for construct pAE_LG02 229 with R 2 value of 0.99 (Fig. 4b ). The model also fit our other AND constructs well, with R 2 values 230 ranging from 0.97-1 (Figures S11-S18 IPTG causes the alleviation of both forms of repression ( Fig. 5a , left). We then hypothesized that 256 10 in order to achieve a more OR-like behavior, the readthrough at the downstream TIM had to be 257 increased ( Fig. 5a , right), i.e. the roadblock magnitude needed to be decreased. For the particular 258 system presented here, this means a higher GFP expression upon the addition of aTc only. 259 We took two different approaches to optimize OR behavior: (i) we increased the separation 260 between pTet and pLac from 47 bp to 72 bp ( Fig. 5a , middle), and (ii) we increased LacI KD by 261 introducing mutations in LacO. Specifically, we increased the separation between pTet and pLac 262 from 47 bp to 72 bp in order to allow two stalled ECs, assuming an EC footprint of 35 bp, to sit in 263 front of the roadblocking protein at the longest distance 41 . This is based on previous reports that 264 suggest that longer separations between the transcribing promoter and the roadblocking site can 265 reduce the extent of roadblock due to RNAP cooperativity 22 . The latter approach was taken to 266 explore whether the results previously obtained for AND constructs would also hold true with this 267 new architecture.
268
While keeping LacI KD constant at 0.036 pM, we increased the separation between pTet and pLac, 269 from 47 bp (pAE_LG15) to 72 bp (pAE_LG21). Only a slight improvement in OR behavior was 270 observed (d00 decreased from 0.76 to 0.64, Supplementary Table S7 ) due to a significant 1.4-fold 271 increase in GFP expression when only aTc was added to the cells (Fig. 5b, pAE_LG15 and Figure S2 ). However, no significant differences were observed for the basal and 275 aTc+IPTG conditions, suggesting the cause of the change in gene expression is a reduced LacI 276 roadblock interference.
277
We next increased LacI KD either ~2-or ~6-fold by mutating the LacO region within pLac for all 278 the constructs (Fig. 2a ). In the case of the 2-fold KD increase, the GFP expression at the aTc only 279 condition increased 9.6±3.5-fold and 10.0±3.3-fold with respect to the basal condition for 47 bp 280 ( Fig. 5b, pAE_LG23 ) and 72 bp ( Fig. 5b, pAE_LG25 ) separation, respectively, and remained 281 constant for the basal, IPTG, aTc+IPTG conditions. This improvement in OR behavior is reflected 282 in lower d00 values for pAE_LG23 and pAE_LG25 (Supplementary Table S7 ) and suggests that 283 increasing the KD of the downstream roadblock to allow readthrough from the upstream promoter 284 is necessary for more OR-like behavior. Interestingly, this increase in LacI KD removed any effect 285 of increasing interpromoter spacing-the d00 values of pAE_LG23 and pAE_LG25 are nearly 286 11 identical ( Fig. 5b ; Supplementary Table S7 ), reflecting the similar GFP expression profiles across 287 both interpromoter distances. This is an indication that the effect of RNAP cooperativity to 288 facilitate dislodging the roadblock might only be effective when the dissociation constant of the 289 roadblocking protein at the downstream TIM is small-that RNAP cooperation effects are only 290 notable when the downstream roadblock is strong.
291
Further increasing LacI KD to 0.21 pM for a pTet-pLac separation of 47 bp lead to a higher GFP 292 expression in the basal and aTc only conditions, compared to pAE_LG23, while not significantly 293 affecting the GFP levels at IPTG only or aTc+IPTG (Fig 5b, pAE_LG26 ). This increased basal 294 expression is likely due to leaky expression at pLac. Since this construct's gene expression was 295 low only when both inducers were absent and high in the other three conditions, it closely 296 resembles an OR gate. Accordingly, for this improved construct, d00 showed a reduction of ~2-297 fold compared to our initial attempt to create OR behavior (Fig 5b and Supplementary Table S7 , 298 pAE_LG15 and pAE_LG26). The triangle plot containing the OR constructs similarly shows the 299 trend towards pure OR gate behavior with increasing LacI KD (Fig. 5c ). In addition, the difference 300 between the lowest ON state (aTc only) and the highest ON state (aTc+IPTG) was only 5.6±1.7-301 fold, which is smaller than the difference between the OFF state (basal) and the lowest ON state 302 (aTc only).
303
When LacI KD was increased to 2.34 pM, effectively abolishing the LacI roadblock, we observe a 304 loss of OR behavior (Fig. 5b, pAE_LG27 ). This dramatic change in behavior can be attributed to 305 the increase in leaky transcription in the absence of aTc and IPTG. Taken together, these results 306 suggest that optimal OR behavior is achieved at moderate LacI KD values that permit some 307 readthrough from the upstream promoter but effectively block leaky transcription at the 308 downstream TIM (Fig. 5b, 5c ).
309
Though it is clear that increasing LacI KD permits readthrough from the upstream pTet, it was not 310 obvious that the trend in fractional readthrough would follow the one observed in our AND 311 constructs (Fig. 2d ). To address this, we also quantified the extent of readthrough for our OR gates 312 using Equation 3. Intriguingly, a logarithmic correlation was also observed (Fig. 5d ). The trend in for instance-we find that OR gate performance is best (d00 is lowest) at high aTc and low IPTG 323 concentrations ( Fig. 6a ). At these conditions, gate asymmetry is minimized since the upstream 324 pTet requires high activation to read through the LacI roadblock. Thus, high aTc and low IPTG 325 equalizes the relative GFP contributions from both promoters, creating more OR-like behavior.
326
There is a strong trend in d00 with aTc concentration, since low pTet activity with a LacI roadblock 327 produces a consistently low signal (Fig 6a) . This trend is seen for all OR constructs (Supplementary
328
Figures S19-S24) except pAE_LG27, which has a very high LacI KD value (KD=2.34 pM) and 329 does not respond to IPTG (Fig. 5d, 6a ).
330
On a triangle plot of pAE_LG26 at varying aTc and IPTG conditions, OR constructs are clustered 331 primarily by aTc concentration, again demonstrating the importance for high pTet strength in its 332 upstream position (Fig. 6b ). Within each cluster, low IPTG conditions trend toward more OR-like 333 behavior, largely due to the equality of pTet and pLac strength at these conditions. Visualizing all 334 conditions from all OR constructs on a single triangle plot shows that moderate LacI KD values 335 show more OR-like behavior, where low LacI KD constructs trend toward IPTG single-input gate 336 behavior (Fig. 6c ).
337
Plotting OR behaviors for each construct at conditions that minimize d00, it is qualitatively apparent 338 that OR behavior is improved at sub-saturating IPTG concentrations (Fig 6d) . The best OR gate at 339 saturating conditions, pAE_LG26, is improved with a reduction in d00 of 0.4 to 0.28
340
( Supplementary Table S7 ). Though these OR-optimal conditions reduce the dynamic range 341 compared with saturating inducer conditions (Fig 6a) , the emergence of more OR-like behavior 342 may in some cases be more important than a large regulatory range. value-and fit inducer-dependent GFP expression with an R 2 of 0.95 (Fig. 7b ). R 2 values for fits 356 to other constructs range from 0.61-0.98 ( Supplementary Figures S25-S30 ).
357
This model equation also revealed insights into potential interference and interactions between 358 gates ( Fig. 7a-b (Fig. 5b) , still has an apLac value over 3-fold higher than apTet. Additionally, that these 366 promoter weight values are below 1 suggests some level of interference between the tandem 367 promoters, since the combined tandem promoter activities are not simply additive.
368
Here we have shown that OR behavior can be obtained by fine tuning the components of a pair of 369 tandem promoters. Importantly, our results suggest that mutating the DNA recognition sequence 370 of the transcriptional factor controlling the activity of the downstream promoter in a set of two 371 tandem promoters is a more effective way to modulate TI and achieve OR behavior than increasing 372 the inter-promoter distance. to move through the roadblock as soon as the latter dissociates 21 . This mechanism could also 386 explain the observation that as LacI KD was increased in the AND and OR constructs, higher GFP 387 expression was obtained when only aTc was added to the system because of the higher chances of to AND gates. Here, for the first time, we have been able to demonstrate this plasticity of the input 401 function using rationally de novo engineered constructs by converting an initially AND gate to an 402 aTc gate, and an IPTG gate into an OR gate ( Fig. 2b; Fig. 5a, b ). We show that rationally changing 403 LacI KD and inducer concentrations modulates TI and tunes AND and OR logic behaviors.
15
We have shown that both the position of operators of a certain transcription factor and the existence 405 of point mutations in such operator sequences can affect the gene expression pattern of multi-input 406 genetic devices. Our experimental observations indicate that diversification of transcription factor 407 regulation is indeed readily achievable by DNA mutations or the insertion/deletion of small DNA 408 fragments in the regulatory region. The binding of the same transcription factor to two slightly 409 different sequences upstream of two different genes could result in disparate gene expression. This 410 has important consequences on how we understand the design of synthetic genetic circuits in cells.
411
Orthogonality between the new or existing parts of devices in a cell or its own cellular machinery 412 is often considered essential for the good functioning of the synthetic device. However, our results 413 indicate that a defined set of genetic elements can actually lead to various gene expression patterns, 414 emphasizing that cells could use a certain transcription factor to obtain different responses 415 depending on how it is arranged to other genetic elements and their relative strengths.
416
Moreover, the different degrees of readthrough observed at various LacI KD values hint at how a 417 downstream roadblock could be a mechanism utilized by microorganisms to fine-tune the 418 expression of a gene under the transcription of either a constitutive promoter or an inducible 419 promoter at a certain induction level. For example, increasing the number of transcription factors 420 in the cis-regulatory region of a gene can increase its complexity in a small genetic space. In 421 addition, the recent finding that promoters can rapidly evolve throughout the genome raises the 422 prospect of interactions between neighboring promoters through pervasive transcription 44 25, a=0.5; l=0.5, a=0.5; l=0.75, a=0.5 ) and the pure SLOPE 505 gate (l=0.5, a=0) depending on which of these seven was closest to their observed behavior. The 506 truth tables for the logic states defining these parameter spaces are reported in Supplementary 507 Table S4 ; the possible logic parameter spaces resulting from each observed GFP expression profile 508 is reported in Supplementary Table S5 .
509
Triangular AND gate plots: For constructs designed to behave as AND gates, i.e. pTet-LacO 510 architecture, we observed that, when the induction levels were 50 ng/mL aTc and 1 mM IPTG, 511 they belonged to either the OR-AND-aTc space (all but LG01 and LG03) or the 512 (aTc)IMPLY(IPTG)-AND-aTc space (henceforth (a)I(I)-AND-aTc) (see Supplementary Table S4 513 for truth table for all gates described 5, a=1) . With the best AND gate behavior observed for 524 pAE_LG01 (l=0.85, a=0.28, d10=0.32), (Fig. 2b, c) . The corresponding d10 values for all tested 525 constructs with pTet-LacO architecture can be found in Supplementary Table S6 .
526
Triangular OR gate plots: For the OR gates (l=0, a=0), i.e. pTet-pLac architecture, when the 527 induction levels were 50 ng/mL aTc and 1 mM IPTG, the constructs belonged to the 528 OR-AND-IPTG space (GFPaTc+IPTG>GFPIPTG>GFPaTc>GFPbasal) with the exception of control 529 construct pAE_LG27 which belonged to the OR-AND-aTc space. The constructs of the 530 OR-AND-IPTG space were categorized as either asymmetric SLOPE gate (l=0.5, a=0.5) or 531 asymmetric OR gate (l=0.25, a=0.5). In this case, the construct with the best-performing OR logic 532 was pAE_LG26 (l=0.31, a=0.25, d00=0.40), (Fig. 4b, c) . The corresponding d00 values for all tested 533 constructs with pTet-pLac architecture can be found in Supplementary Table S7 .
534
This type of mathematical analysis is useful to determine the quality of the desired logic behavior, 535 and it also helps demonstrate the plasticity of constructs that share a certain type of promoter 536 architecture in the logic gates parameter space 43 . To further demonstrate this plasticity, we applied 537 the previously described analysis to all possible combinations of inducer conditions tested.
538
Keeping the basal condition at 0 ng/mL aTc and 0 mM IPTG, we considered the "high" aTc 539 condition to be either 10, 20, 30 or 50 ng/mL and the "high" IPTG condition to be either 0.01, cases, the Hill coefficients m, n-were held constant to literature values (see Supplementary Table   551 S22) in order to compare fitted parameters with experimentally observed values. Goodness of fit 552 statistics from all best fits are available in Supplementary Figures S11-18 in Supplementary Tables S24-S25.   556   557 
